1. Background {#sec1-1}
=============

Methamphetamine (METH), belongs to the amphetamine-type stimulants (ATS) and is a type of addictive neuroactive substance.^\[[@ref1]\]^ Such psychoactive substance is addictive and have severe neurotoxicity,^\[[@ref3]\]^ bringing serious effects and economic burdens to the country, society, families and individuals, which also presents a new challenge to the medical community. Therefore, finding effective treatment is of utmost importance.

Repetitive transcranial magnetic stimulation (rTMS) is a neurostimulation and neuromodulation technique which forms an electric field in the brain based on the principle of electromagnetic induction. The magnetic field produced by rTMS can penetrate the skull into the cerebral cortex without attenuation and change the local electrical activity thus exerting a therapeutic effect.^\[[@ref5]\]^ Numerous studies have shown that rTMS can treat a variety of severe neuropsychiatric diseases, such as schizophrenia, depression, stroke, Parkinson's disease, epilepsy, etc. The reason may be that rTMS can regulate cortical excitability, change synaptic structure and neuronal plasticity, regulate the release of neurotransmitters and promote nerve regeneration.^\[[@ref6]\]^

Recently, some researchers have devoted themselves to study the therapeutic effects of rTMS on substance use disorder and progress has been made. Clinical studies have found that rTMS can effectively reduce the craving for heroin, nicotine, cocaine, and alcohol in individuals with addiction. For example, Shen and colleagues used high-frequency (10Hz) rTMS to stimulate the left DLPFC in heroin addicts and found that craving for heroin was decreased.^\[[@ref9]\]^ Pripfl and colleagues also applied 10Hz rTMS to stimulate the left DLPFC of nicotine addicts and the results show that rTMS reduced patients' craving for nicotine.^\[[@ref10]\]^ Terraneo and his colleagues' study found that rTMS (15Hz) could also alleviate the craving for cocaine in those with cocaine addiction.^\[[@ref11]\]^ And Mishra and colleagues found that rTMS (10 Hz) stimulating the right DLPFC reduced the craving for alcohol.^\[[@ref12]\]^ Meanwhile, using rTMS (20 Hz) to stimulate the frontal cortex of morphine withdrawn rats increased the release of dopamine in the nucleus accumbens.^\[[@ref13]\]^ However, Li and colleagues used low-frequency (1Hz) rTMS to stimulate the DLPFC of methamphetamine addicts and found that low-frequency stimulation increased craving for methamphetamine.^\[[@ref14]\]^ These studies suggest that high-frequency but not low-frequency rTMS may have a potential therapeutic effect on drug addiction.

Currently, there are few studies focusing on the effects of rTMS for methamphetamine addiction. Whether rTMS could be used to treat methamphetamine addiction remains unknown. Therefore, in this study, METH-induced rats conditioned place preference(CPP) model and rTMS technology were used to explore the effects of high-frequency rTMS on methamphetamine addiction, providing preliminary data for the clinical application of rTMS in the treatment of methamphetamine addiction in the future.

2. Materials and methods {#sec1-2}
========================

2.1 Animals {#sec2-1}
-----------

Male Sprague Dawley rats weighing 250(100) g were used in this study. The total number was 70, of which 17 were used to establish METH-induced CPP reinstatement model (Con: n=6; METH 1: n=6; METH 2: n=5) 27 were used for Experiment 1 (SAL: n=7; METH + sham: n=10; METH + rTMS: n=10), and 26 were used for experiment 2 (SAL: n=7; METH + sham: n=9; METH + rTMS: n=10). They were provided by the Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). All rats were housed in a homothermic environment (23 ± 2 ºC) with 50% air humidity, 12-hour light/dark cycle and free access to food and water. The experiments were in strict accordance with the National Institutes of Health, Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the Chinese Academy of Sciences (Shanghai, China).

2.2 Drug reagents {#sec2-2}
-----------------

Methamphetamine was provided by the China Academy of Military Medical Science.

2.3 Conditioned Place Preference reinstatement model {#sec2-3}
----------------------------------------------------

CPP laboratory equipment was purchased from the Shanghai Ji Liang Software and Instruments Co. (Shanghai, China). The CPP box consists of two striped compartments of the same size, 40cm(length)\*40cm(width)\*60cm(height), with a movable board (40cm × 60 cm) in the middle, allowing the rats free access to the two compartments. These two striped compartments are visible: one is composed of horizontal and black stripes, while the other one is vertical and black and white stripes.

The whole CPP experiment can be divided into three major stages: development, extinction and reinstatement.

We first established a conditioned place preference experiment in rats (development). During this the experiment was mainly divided into four phases: Habituation, Preconditioning Test, Conditioning and Post-conditioning/Post-training Test. During the habituation period, the middle board was closed, and the rats were adapted to the environment of the two compartments with 30 min for each, and the adaptive interval was 6 h. In the preconditioned test period, the middle board was open, and the rats were allowed to explore the whole box freely for 15 min, and the time spent in each compartment was recorded. The conditioning period lasted four days. The rats were divided into a saline group (Con) and CPP group (METH 1 and METH 2). According to the time recorded in the pre-conditioning period, the two compartments were marked as the preferred side and the non-preferred side for each rat of which the rat spent more time in was preferred one and the other was non-preferred. And the non-preferred side was the "drug-paired compartment". In the CPP group, rats were intraperitoneally injected with saline (1 mg/kg) in the morning. Immediately after the injection, the rats were placed in the preferred side for 45min with the middle board closed. 6h later, they were injected intraperitoneally with METH (1 mg/kg) and immediately placed in the non-preferred compartment for 45 minutes. This was done for 4 consecutive days, therefore METH and saline injections were all performed 4 times totally. The saline group was injected with saline only. The last was the post-conditioning period. The procedure was the same as the preconditioning period in which the rats were allowed to move freely between the two compartments for 15 minutes, and the time spent in each compartment was recorded. CPP score represented the time spent in the non-preferred side during the testing period minus that during the preconditioning period.

After the successful establishment of the CPP model, rats were subjected to the extinction stage. The extinction method was similar to the conditioning period. Rats originally injected with METH were changed to saline injection (1 mg/kg) and placed in the non-preferred compartment for extinction training. After four consecutive days of training, an extinction test was performed.

Finally, after the extinction of rat preference behavior, a reinstatement test was performed. Rats were injected intraperitoneally with 0.5 mg/ml METH before the test in the CPP group.

Studies have shown that 1mg/kg of METH could establish a stable and lasting CPP model, ^\[[@ref15]\]^ and the preference behavior can be successfully induced with 0.5mg/ml methamphetamine after the extinction of CPP.^\[[@ref17]\]^

2.4 Experimental design {#sec2-4}
-----------------------

In order to explore the effects of acute and chronic rTMS on the reinstatement of METH-induced CPP in rats, we designed two experiments:

Experiment 1: To explore the effect of acute high-frequency (10Hz) rTMS on the reinstatement of METH-induced CPP in rats. Rats were randomly divided into three groups: (1) SAL group: saline control group; (2) METH + sham group (sham stimulation group), after the extinction of CPP, rats were given a one-day sham stimulation treatment; (3) METH + rTMS group (real stimulation group), the rats were given a one-day real stimulation treatment after the extinction of CPP. 24 hours after the stimulation, the reinstatement test was performed.

Experiment 2: To explore the effect of chronic high-frequency (10 Hz) rTMS on the reinstatement of CPP in rats. Rats were also randomly divided into three groups: SAL group, METH + sham group, and METH + rTMS group. After the extinction of CPP behavior, the METH + sham group was subjected to sham stimulation treatment for 3 days, while the METH + rTMS group was subjected to a period of 3 days of real stimulation. 24 hours after the stimulation, a reinstatement test was performed.

The stimulation parameters and methods are shown in the next section. The conditions of the two experiments are strictly identical, and the number, weight, saline control group, experimental procedure and environment of the experimental rats are all strictly consistent. That is to say, except the rTMS treatment days, the rest of the two experiments are performed under the same conditions.

2.5 Repetitive transcranial magnetic stimulus (rTMS) treatment {#sec2-5}
--------------------------------------------------------------

RTMS apparatus was purchased from Wuhan YIRD Medical Equipment Co., LTD (China). The inner diameter of the stimulate coil was 2.5 cm and the outer diameter was 5 cm. In the experiment, both acute and chronic rTMS stimulation(10Hz) were performed twice daily, with 500 stimuli comprised of 20 trains of stimuli and 25 pulses per train with a 15-second train-train interval each time in the morning and afternoon, and the intermediate interval was 6 hours. The total stimuli were 1000 per day. The stimulation intensity was 30% of the maximum output power, which was equal to 100% RMT. In the real stimulation group, the center of the coil was placed against the skull of the rats during stimulation; while the coil of the sham stimulation group was placed 8 cm above the head of the rats to ensure that the rats could feel the noise of the coil but would not receive the magnetic stimuli. During the stimulation period, rats were restrained by hand to limit their movement. In addition, in order to eliminate the stress caused by the stimulation noise and fixation method, we performed rTMS for 12 min each day before the experiment, and it lasted for 1 week to make the rats adapt to the rTMS procedure. During the experiment, neither real stimulation nor sham stimulation caused epilepsy or other obvious behavioral abnormalities in rats.

2.6 Data analysis {#sec2-6}
-----------------

Statistical analysis was carried out using prism 6.0 software. Data were analyzed with two-way ANOVA followed by Bonfserroni post hoc test. Differences of p\<0.05 were considered statistically significant. The results are presented as mean(SEM).

3. Results {#sec1-3}
==========

3.1 0.5mg/ml methamphetamine can successfully induce the reinstatement of CPP in rats {#sec2-7}
-------------------------------------------------------------------------------------

The experimental protocol is shown in [Table 1](#table001){ref-type="table"}. Rats were randomly divided into 3 groups: Con (*n*=6), METH 1 (*n*=6) and METH 2 (*n*=5). And the treatment details of each group are shown in [Fig. 2A](#fig002){ref-type="fig"}.

The CPP scores and statistical results of each group are shown in [Table 2a](#table002){ref-type="table"} and [2b](#table003){ref-type="table"}. Our results showed that METH with a dose of 1 mg/ml could successfully establish a CPP model in rats. After the extinction of CPP, intraperitoneal injection of 0.5 mg/ml METH successfully induced the reinstatement of CPP ([Fig. 2B](#fig002){ref-type="fig"}), METH 2 vs. Con, *t* (42) = 3.31, *p* = 0.006; while intraperitoneal injection with saline could not induce the reinstatement of CPP, METH 1 vs. Con, *t* (42) = 0.79, *p*\> 0.999.

3.2 Acute rTMS treatment could not inhibit the reinstatement of CPP in rats {#sec2-8}
---------------------------------------------------------------------------

[Table 3a](#table004){ref-type="table"} and [3b](#table005){ref-type="table"} are the CPP scores and statistical results of each group. The results showed that one-day rTMS treatment may inhibit the reinstatement behavior of addicted rats to a certain extent, but the difference was not statistically significant ([Fig. 3C](#fig003){ref-type="fig"}), METH + rTMS vs. METH +sham, *t* (72) = 1.48, *p*=0.431.

The results suggested that acute rTMS may have a certain inhibitory effect on the relapse behavior of addicted rats, but whether it is effective requires further exploration.

3.3 Chronic rTMS treatment significantly inhibited the reinstatement of METH-induced CPP in rats {#sec2-9}
------------------------------------------------------------------------------------------------

The CPP scores and statistical results of each group are shown in [Table 4a](#table006){ref-type="table"} and [4b](#table007){ref-type="table"}. The results showed that continuous administration of rTMS for 3 days after the extinction of CPP could inhibit the reinstatement behavior of CPP in rats ([Fig. 4C](#fig004){ref-type="fig"}): METH + rTMS vs. SAL, *t* (69) = 0.63, *p* \> 0.999; METH + rTMS vs. METH + sham, *t* (69) =3.33, *p*=0.004.

The results indicated that chronic rTMS could inhibit the relapse behavior of methamphetamine-addicted rats.

4. Discussion {#sec1-4}
=============

4.1 Main findings {#sec2-10}
-----------------

Drug addiction is considered a pathological process of learning and memory currently. Addictive substances can alter the structure and function of the brain, making addicts sensitive to drug-related cues thus producing craving and inducing relapse behavior during the withdrawal period.^\[[@ref19]\]^

Conditioned place preference experiment is a classical animal model to evaluate the mental dependence on drugs. It is essentially a learning and memory process based on Pavlovian classical conditioning.^\[[@ref20]\]^ The addiction model can imitate addiction in humans and includes three major stages: development, extinction and reinstatement. Addiction memory based on Pavlovian classical conditioning is quite valid, but the extinction memory is fragile, so relapse behavior could be easily induced once the animal is exposed to drug or drug-related cues even after the extinction of CPP,^\[[@ref21]\]^ as shown in [Figure 2](#fig002){ref-type="fig"}.

Numerous studies have shown that rTMS regulated synaptic plasticity, including long-time potentiation (LTP) and long-term depression (LTD). To the best of our knowledge, such effect of rTMS may be closely related to the stimulation frequency and stimulation intensity, as high-frequency rTMS induced LTP, while low-frequency induced LTD.^\[[@ref6],[@ref22]\]^ In this study, rats were subjected to acute or chronic high-frequency rTMS treatment after the extinction of CPP. As a result, it was found that chronic high-frequency rTMS inhibited the reinstatement behavior of addicted rats. The result may be due to the LTP effect induced by high-frequency stimulation which consolidated the extinction memory of rats and thus prevented relapse. Although the acute high-frequency rTMS failed to inhibit the relapse behavior of rats, there was a trend of inhibition effect compared with the sham stimulation group. In combination with Experiment 1 and Experiment 2, it was demonstrated that the inhibition effect of rTMS required sufficient magnetic stimuli.

4.2 Limitations {#sec2-11}
---------------

Firstly, our study only performed one reinstatement test. If possible, the test could be performed more times to examined the persistence of the rTMS effect. Secondly, the effect of acute and chronic rTMS on relapse behavior could have been tested in one experiment while it was divided into two experiments in our study due to limitations of the experimental condition and the fact that the number of rats used in one experiment was limited. Finally, the rTMS parameters in this study were determined by a number of previous studies. At present, the study only explored the effect of high-frequency stimulation on the reinstatement behavior of CPP, but the effects of other stimulation protocols, for example, low-frequency stimulation, need to be further explored.

4.3 Implications {#sec2-12}
----------------

This study explored the effects of acute and chronic rTMS on the reinstatement of methamphetamine-induced conditioned place preference and found that rTMS inhibited the relapse behavior of addiction, providing a preliminary theoretical foundation and basis for the clinical application of rTMS to treat drug addiction. Future studies can combine clinical studies to explore the effects and mechanisms of different rTMS patterns on drug addiction.
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###### 

The experimental protocol of rat conditioned place preference reinstatement model

  --
  --

###### 

CPP reinstatement model, the CPP scores of each group between three tests

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Tests                Con\      METH 1\   METH 2\   groups   times                                         groups[^\*^](#tfn001){ref-type="table-fn"}times                                                      
                       (n=6)     (n=6)     (n=5)                                                                                                                                                                 
  -------------------- --------- --------- --------- -------- --------------------------------------------- ------------------------------------------------- ------------------------------------------- ------ -------------------------------------------
  Post-training Test   -36.28\   292.9\    336.6\    10.55    \<0.001[^\*^](#tfn001){ref-type="table-fn"}   3.28                                              0.047[^\*^](#tfn001){ref-type="table-fn"}   3.16   0.023[^\*^](#tfn001){ref-type="table-fn"}
                       (52.73)   (38.23)   (49.95)                                                                                                                                                               

  Extinction Test      55.78\    58.67\    93.98\                                                                                                                                                                
                       (62.50)   (67.87)   (67.81)                                                                                                                                                               

  Reinstatement Test   -10.04\   57.47\    287.3\                                                                                                                                                                
                       (62.09)   (90.38)   (43.54)                                                                                                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**\*p\<0.05 statistical significance; two-way ANOVA.**

###### 

CPP reinstatement model, the CPP scores of each group in each test

  Tests                METH 1 vs. Con   METH 2 vs. Con   METH 2 vs. METH 1                                                                                                 
  -------------------- ---------------- ---------------- ------------------------------------------- ------ ---- --------------------------------------------- ------ ---- -------------------------------------------
  Post-training Test   3.85             42               0.001[^\*^](#tfn002){ref-type="table-fn"}   4.15   42   \<0.001[^\*^](#tfn002){ref-type="table-fn"}   0.49   42   \>0.999
  Extinction Test      0.03             42               \> 0.999                                    0.43   42   \> 0.999                                      0.39   42   \> 0.999
  Reinstatement Test   0.79             42               \> 0.999                                    3.31   42   0.006[^\*^](#tfn002){ref-type="table-fn"}     2.56   42   0.043[^\*^](#tfn002){ref-type="table-fn"}

**\*p\<0.05 statistical significance; Bonferroni post hoc test.**

###### 

Experiment 1, the CPP scores of each group between three tests

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Tests                   SAL\      METH+ sham\   METH +rTMS\   groups   Times                                         groups[^\*^](#tfn003){ref-type="table-fn"}times                                                      
                          (n=7)     (n=10)        (n=10)                                                                                                                                                                    
  ----------------------- --------- ------------- ------------- -------- --------------------------------------------- ------------------------------------------------- ------------------------------------------- ------ -------------------------------------------
  Post-training Test(s)   -14.40\   229.1\        227.6\        18.45    \<0.001[^\*^](#tfn003){ref-type="table-fn"}   7.40                                              0.001[^\*^](#tfn003){ref-type="table-fn"}   4.51   0.003[^\*^](#tfn003){ref-type="table-fn"}
                          (61.24)   (21.72)       (18.47)                                                                                                                                                                   

  Extinction Test(s)      15.12\    25.76\        24.44\                                                                                                                                                                    
                          (48.89)   (34.90)       (33.86)                                                                                                                                                                   

  Reinstatement Test(s)   -94.59\   240.2\        160.9\                                                                                                                                                                    
                          (75.82)   (35.94)       (38.35)                                                                                                                                                                   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**\*p\<0.05 statistical significance; two-way ANOVA.**

###### 

Experiment 1, the CPP scores of each group in each test

  Tests                METH+sham vs. SAL   METH+rTMS vs. SAL   METH+rTMS vs. METH+sham                                                                                              
  -------------------- ------------------- ------------------- ---------------------------------------------- ------ ---- --------------------------------------------- ------ ---- ----------
  Post-training Test   4.12                72                  \<0.001[^\*^](#tfn004){ref-type="table-fn"}    4.10   72   \<0.001[^\*^](#tfn004){ref-type="table-fn"}   0.03   72   \>0.999
  Extinction Test      0.18                72                  \> 0.999                                       0.16   72   \> 0.999                                      0.02   72   \> 0.999
  Reinstatement Test   5.67                72                  \< 0.001[^\*^](#tfn004){ref-type="table-fn"}   4.33   72   \<0.001[^\*^](#tfn004){ref-type="table-fn"}   1.48   72   0.43

**\*p\<0.05 statistical significance; Bonferroni post hoc test.**

###### 

Experiment 2, the CPP scores of each group between three tests

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Tests                   SAL\      METH+ sham\   METH +rTMS\   groups   Times                                         groups[^\*^](#tfn005){ref-type="table-fn"}times                                                      
                          (n=7)     (n=9)         (n=10)                                                                                                                                                                    
  ----------------------- --------- ------------- ------------- -------- --------------------------------------------- ------------------------------------------------- ------------------------------------------- ------ -------------------------------------------
  Post-training Test(s)   -25.34\   256.3\        223.0\        13.57    \<0.001[^\*^](#tfn005){ref-type="table-fn"}   4.67                                              0.013[^\*^](#tfn005){ref-type="table-fn"}   3.26   0.017[^\*^](#tfn005){ref-type="table-fn"}
                          (39.18)   (15.46)       (10.51)                                                                                                                                                                   

  Extinction Test(s)      8.607\    68.66\        51.88\                                                                                                                                                                    
                          (54.87)   (39.26)       (30.19)                                                                                                                                                                   

  Reinstatement Test(s)   6.489\    238.9\        45.88\                                                                                                                                                                    
                          (63.89)   (51.09)       (60.55)                                                                                                                                                                   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**\*p\<0.05 statistical significance; two-way ANOVA.**

###### 

Experiment 2, the CPP scores of each group in each test

  Tests                METH + sham vs. SAL   METH + rTMS vs. SAL   METH + rTMS vs. METH + sham                                                                                         
  -------------------- --------------------- --------------------- --------------------------------------------- ------ ---- --------------------------------------------- ------ ---- -------------------------------------------
  Post-training Test   4.43                  69                    \<0.001[^\*^](#tfn006){ref-type="table-fn"}   3.99   69   \<0.001[^\*^](#tfn006){ref-type="table-fn"}   0.57   69   \>0.999
  Extinction Test      0.94                  69                    \> 0.999                                      0.70   69   \> 0.999                                      0.29   69   \> 0.999
  Reinstatement Test   3.65                  69                    0.002[^\*^](#tfn006){ref-type="table-fn"}     0.63   69   \>0.999                                       3.33   69   0.004[^\*^](#tfn006){ref-type="table-fn"}

**\*p\<0.05 statistical significance. Bonferroni post hoc test**
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